, "Reflectance-based low-cost disposable optical fiber surface plasmon resonance probe with enhanced biochemical sensitivity," Opt. Eng. Abstract. A reflectance-based surface plasmon resonance (SPR) fiber sensor with enhanced sensitivity for biochemical sensing is reported after comparing its result with the transmittance-based SPR optical fiber sensors. The fabricated SPR sensor contains a gold-coated multimode fiber with the implementation of a standard source-sensor-spectrometer interrogation system. As the refractive index of the liquid under test is increased, a redshift of the SPR is observed. The coupling of the source to the fiber sensor is optimized by investigating the effect of an intentional misalignment in transmission-based setup. When a fiber tip coated with the silver mirror and the bifurcated fiber bundle is used, an alignment-free disposable sensor probe is achieved. A comprehensive characterization of the proposed reflectance-based SPR probe is discussed. The maximum sensitivity of 3212.19 nm∕refractive indexunit ðRIUÞ is obtained.
Introduction
In the field of optoelectronics, optical fibers have been used in various sensor fields as it has some unique advantages over other optoelectronic sensors, such as low fabrication cost, small, robust, high accuracy, multiplexing, remote sensing, high flexibility, low propagation loss, high sensitivity, and immunity to electromagnetic interference. In recent times, fiber is utilized as temperature, strain, pressure, rotation, displacement, refractive index (RI), polarization, ultrasound, vibration, viscosity, turbidity, humidity, water level, and so on, parameter sensors. [1] [2] [3] [4] [5] The spectroscopic absorption sensing platform has been proposed to combine the photonic crystal fiber (PCF) and long-period grating (LPG) as a gas sensor. 6 A PCF-LPG humidity sensor has been designed with high sensitivity and selectivity for detection of moisture ingression into structures. Two types of nanofilms have been coated on the surface of air channels in the grating region by electrostatic self-assembly deposition method to enhance sensitivity. 7 The LPGs have been incorporated in PCF to investigate sensitivity to the external conditions, such as temperature, strain, RI of the surroundings, curvature, and torsion. 8 It has been revealed by experiment that the nanofilm-coated LPGs are more sensitive to moisture in terms of both wavelength shift and resonance intensity change. 9 Optical sensor based on nonlinear effect has introduced stimulated Brillouin scattering into the instantaneous microwave frequency measurement system. 10, 11 Surface plasmon resonance (SPR)-based fiber optic sensor is one of the promising sensing techniques for real-time detection and monitoring of chemical properties of material. In the search of more convenient and cost-effective SPR sensors, the traditional prism-based systems have been replaced by a fiber optic design. 12 Gold is the traditional material used to produce the thin film for SPR as it has high chemical resistance. During the past two decades, SPR-based sensors have been employed for label-free, real-time analysis of different biological concentrations, such as antibody, antigen, and so on, and chemical concentrations. 13, 14 Two convenient ways have been proposed to detect the SPR signal. In the first type, the light from a broadband source is launched into the fiber through one of the ends and the SPR spectrum of the transmitted light is recorded at the other end, which is the so-called transmission-based setup. [15] [16] [17] In the transmission-based setup, the authors have proposed a preliminary version of a differential SPR-based sensor specifically designed for permanent monitoring, mainly in the areas of environment and safety. 18, 19 The unwanted impacts in long-term monitoring are perturbations from the mechanical setup or drifts in the electronic circuits or misalignment between source/detector and coated optical fiber. So, it is of utmost importance that we should fabricate a thin-film-coated biosensor, which can be used easily for real-time stable measurement without any restrictions and hence could be used in a beneficial and userfriendly way in our daily life. The other mechanism to detect SPR signal is done by launching the light from a broadband source into the sensing fiber through one of its ends and the SPR spectrum of the transmitted light is recorded after reflection through the other end of the receiving fiber, which is called reflection-based setup. The real-time label-free immunoassay by gold nanoparticles coated optical fiber having fast detection time, high resolution, and sensitivity have been established by the reflection-based setup. 20, 21 To achieve reflection-based sensing probe, silver mirror is coated at the distal end of the fiber, which enhances performance for RI measurement. 22 Researchers generally use a coupler to launch and detect the light path, which could introduce interference in transmission spectra. 2, 23 Fiber bundle has been used to collect the reflected and scattered light to sense turbidity of the liquid. 24 Bifurcated fiber bundle has been investigated as an optical displacement sensor from a theoretical perspective. 25 The light has been guided through the bifurcated optical fiber to a flow-through cell and luminescence has been collected to the photometer through the output bundle to sense biochemicals. 26 The optical properties of human whole blood and blood plasma have been characterized in the near-infrared region using a double integrating sphere technique. This range of wavelength, which is called a tissue window, is important as it allows for deeper penetration in applications, such as photoacoustics, photodynamic therapies, and optical imaging. 27, 28 Zhernovaya et al. 29 have proposed the direct RI measurement of human deoxygenated and oxygenated hemoglobin in the visible range due to its importance for medical diagnostics and treatment.
In this study, gold-coated multimode fiber (MMF) has been used in transmission and reflection-based setup for detection of different RIs of liquid from 1.33 to 1.35. In order to reduce the inconvenience of disposable use of the transmission setup, the sensing probe has been fabricated by a suitable fiber component for reflection-based setup, which is alignment-free. The sensor probe has been coated with silver mirror at the distal end of the fiber tip to increase reflectivity as well as sensitivity within the range of 1.33 to 1.37 of RI. To get an accurate evaluation of the SPR wavelength, output curves have been fitted using a Lorentzian function. The replacement of transmittance-based sensor with reflectance-based SPR fiber sensors has been established by using bifurcated fiber bundle to detect biochemicals. Recently, Qazwinia et al. 30 have proposed the sensitivity of the gold-coated tapered fiber SPR probe in the range of 1600 to 2000 nm∕refractive index unit ðRIUÞ. In this work, the sensitivity has been ∼3212.19 nm∕RIU for biochemical detection.
2 Theoretical Background SPR is a resonance due to the collective oscillation of the electrons at the metal-dielectric (or analyte) interface stimulated by incident p-polarized light. This kind of electron density oscillation is also known as surface plasmon wave (SPW). When the p-polarized light is incident in a such way that the propagation constant (and energy) of resultant evanescent wave is equal to that of the SPW, there will be an absorption of energy and a sharp dip will be visible at a particular wavelength of output signal, which is called resonance wavelength. The so-called resonance condition is 19 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 1 9 1 kn c sin θ ¼ k
The left-hand side term is the propagation constant of the evanescent wave produced as a result of attenuated total reflection of the light incident at an angle θ through an optical fiber of core RI n c . The right-hand term is the SPW propagation constant, with ε mr as the real part of the metal-dielectric constant (ε m ) and n s as the RI of the sensing (or dielectric) layer. This condition is very sensitive to minimum change in the surrounding. The performance of SPR sensors is determined by three parameters: sensitivity, signal-to-noise ratio (SNR), and resolution. 31 Sensitivity of an SPR sensor is defined as how much the resonance wavelength shifts (δλ res ) with a change in RI (δn s ) of the sensing layer. So, the sensitivity (S n ) of the sensor with spectral interrogation is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 6 7 5 s n ¼ δλ res δn s ðnm∕RIUÞ:
The SNR (N) precisely determines the accuracy of the sensor. The narrower the spectral bandwidth, the higher will be the detection accuracy. Then, the SNR can be presented as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 5 9 1
where δλ SW is the full width at half maximum (FWHM) of SPR curve. The resolution (ΔN) of the SPR-based optical sensor is the minimum amount of change in RI detectable by the sensor. The resolution can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 4 9 1
where δλ DR is the spectral resolution of the spectrometer, which is used to measure the resonance wavelength. The working principle of the bifurcated fiber bundle is based on the following assumptions:
• The bifurcated fiber bundle in front of the mirror is situated as a set of two independent parallel equal fibers contacting each other with no space left between them. Both the transmitting and receiving fibers have perfectly circular cross-sections with area S a and radius W a .
• The light leaving the transmitting fiber is represented by a perfectly symmetrical cone with angle of divergence θ.
By Gaussian beam approach, normalized power collected by the receiving fiber is E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 2 7 3
where τ is the dimensionless parameter related to radius W a .
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 2 1 7
where h N is the normalized distance between mirror surface being monitored and end fiber. If h N → 0, the value of collected power will increase. simplicity in handling and coupling. The gold layer of ð50 AE 4Þ nm thickness has been deposited on the exposed core for a length of 2 cm using an radio frequency assisted plasma sputtering machine. The transmission-based setup is shown as a schematic diagram in Fig. 1 , where the source of SPR generation is the broadband light-emitting diode (LED) source (470 to 850 nm) with constant current supply ≈200 mA, attached with a spectrometer of resolution 0.3 nm as detector. The microscopic images of the gold-coated fiber are shown in the inset of Fig. 1 . As shown in Fig. 2 , the bifurcated fiber bundle (BFY200LS02, Thorlabs) has been used to launch the light through coated fiber and receive the SPR spectrum of the transmitted light after reflection by the bulk mirror in the reflection-based setup. The bifurcated fiber bundle has been used instead of optical fiber coupler to decrease coupling loss of light. A plane mirror has been installed at the distal end of the fiber for reflection of the SPR spectrum of the transmitted light. The probe has been fabricated by connecting the goldcoated fiber with a bare fiber terminator (BFT1, Thorlabs). The fiber terminator makes the probe disposable, which is very essential for biomedical applications. To make the SPR probes more sensitive, the tip of the gold-coated fibers has been coated subsequently with a thin silver mirror. The silver mirror coating has been realized by using a chemical technique with Tollen's reagent. 32 After silver coating, the reflectance of the SPR probe has been increased by 90% in comparison with using bulk mirror as shown in Fig. 3 . It is also predictable by the microscopic images of the fiber tip that the light reflected from the Ag mirror coated fiber tip has high reflectance than uncoated fiber.
The reflection-based setup with Ag mirror coated SPR probe has been shown in Fig. 4 , where the same source and detector have been used as the above setup. The Ag mirror coated SPR probes have been connected with bare fiber terminator, which transforms it into disposable as shown in the inset image of Fig. 4 .
Experimental Procedure
The solutions prepared with proper mixing of glycerol-water and pure water have been utilized as different RIs sample as presented in Table 1 , and these sets of solution have been used in the transmission-based setup and reflection-based setup with bulk mirror experiment to compare their sensitivity.
Another set of solutions has been prepared with proper mixing of sugar-water in weight/volume% concentration and pure water to use it as the different RIs sample in reflection-based Ag mirror coated SPR probe experiment as presented in Table 2 . During a sensing experiment in transmission-and reflection-based setup with bulk mirror, the analytic solution has been injected into the chamber and 100 measurements have been acquired and averaged. In the transmission-based setup, the angular misalignment has been intentionally induced in steps of 0.1 mm vertical displacements, using a precision translational stage, to estimate the correct position of the spectrometer and source (Fig. 1) .
In the reflection-based setup with bulk mirror, this obstacle of proper alignment of the source-optical fiber and optical fiber-detector has been removed by connecting the sensor probe with bifurcated fiber bundle (Fig. 2) .
In the reflection-based setup with Ag mirror coated SPR probe, the probes have been positioned in vertical displacement stand and dipped within experimental solution as used in the previous two setups (Fig. 4) .
The environmental temperature has been kept constant throughout the experiments.
Results and Discussion

Transmission-Based Setup:
Repeatability of Sensor Figure 5 shows that the resonance wavelength of a particular sample for different experiments is almost the same, which defines significant repeatability of the sensor for the three different solutions. The transmittance spectra obtained for pure water are fitted using a Lorentzian function to get the accurate minimum position of the curve or SPR dip resonance wavelength as shown in Fig. 5 (inset) . These analyses represent that there is a redshift of the wavelength with an increasing RI of the sensing layer or analyte.
Transmission-Based Setup: Long-Term Monitoring of the Sensor
The long-term monitoring of the device has been carried out for a 17 h duration within pure water. By analyzing the SPR dip for each graph collected within 17 h, the variation of the SPR dip wavelength with time is shown in Fig. 6 . There is a maximum 1 nm wavelength shift in long-time monitoring, which depicts satisfactory stability of the sensor.
Transmission-Based Setup: Effect of the Source Misalignment on the Surface Plasmon Resonance Dip
The developed system uses large MMF to provide mechanical rigidity to the probe and to simplify its replacement. A good compromise between sensitivity and connection tolerances is the use of MMFs with a diameter up to few hundred micrometers, 34 but the impact of slight misalignments due to mechanical tolerances has to be evaluated. The misalignment of the setup has been done in our interest with vertical displacement of the LED source to understand if there is any effect of misalignment in SPR curve during real-time monitoring. Table 2 The second set of samples list used as sensing layer. The outcome of the experiment for pure water is shown in Fig. 7 . It shows that there is a decrement in the SNR of the SPR curve and highlights that the SPR dip is clearly visible down to a 0.5 mm misalignment, but with a redshift of ∼19 nm, which corresponds to ∼10 −2 RIU, a value unacceptable in most applications. So, it is necessary to change the setup without any alignment procedure.
Determination of Sensing Parameters
The sensitivities of one particular device for 1.333 RI are 1450, 1380, 1420, 1410, 1290, 1460, and 1430 nm∕RIU, the sensitivities for 1.346 RI are 1900, 1890, 1780, 2040, 2210, 1910, and 1730 nm∕RIU, and the sensitivities for 1.357 RI are 2340, 2240, 2410, 2680, and 2500 nm∕RIU, respectively, at different cycles of experiment. It is clear from the results that the sensitivities of the device are increasing with increase of the external RI. Similarly, the SNR of the device is found to be 4.00357, 4.231157, and 4.28021 for 1.333, 1.346, and 1.357 RI, respectively, from Eq. (3) Table 3 .
Reflection-Based Setup with Bulk Mirror:
Alignment-Free, Improved Sensitivity
The transmittance curve has been obtained from reflectionbased setup through one cycle of experiment with the same sample solution and fiber as used in earlier experiments as shown in the inset of Fig. 8 . The SPR wavelength shift versus RI curve is shown in Fig. 8 , where a sharp redshift of the wavelength can be noticed. From Eq. (2), the sensitivities of the same gold-coated fiber for transmission-and reflection-based setups are determined and are shown in Fig. 9 . It is established that the sensitivities have improved by reflection-based setup.
The reason for the sensitivity improvement can be easily explained. The light wave propagated through the sensing length travels the path of the sensing region two times. Hence, the generated evanescence wave may get a better opportunity to interact with the metal-dielectric (analyte) interface, which is the cause of improved sensitivity of the reflection-based setup. The sensitivities of the goldcoated fiber are 857.17, 1049.39, and 1241.61 nm∕RIU for 1.333, 1.346, and 1.357 RI, respectively, for the transmission-based setup, and the improved sensitivities of the same fiber are 1074.34, 1172.03, and 1269.72 nm∕RIU, respectively, for the same sample in the case of the reflectionbased setup. This shows better performance of the reflection-based setup than the transmission-based one. Fig. 6 The SPR wavelength versus time variation for transmittancebased setup. Fig. 7 The shifts of the SPR dip as a function of misalignment; inset shows the transmittance spectra. Figure 10 shows the transmittance spectra of one of the Ag mirror coated SPR probe where a sharp redshift is very clear with an increasing RI, which is coupled with the broadening of the SPR spectrum. The SPR wavelength variation with RI is shown in Fig. 11 , and 9.339 × 10 −5 , respectively. By analyzing the SPR dip for each graph collected within 17 h in the reflection-based setup, the variation of the SPR dip wavelength with time is shown in Fig. 12 . There is a maximum of 0.5 nm wavelength shift in long-time monitoring, which depicts advanced stability of the sensor than the transmission-based setup. It is very interesting that the sensor is reversely repeatable. In the experiment, the RI has been changed from higher to lower RI and blueshift of the wavelength has been noticed. Fig. 9 The SPR wavelength comparison between transmission-and reflection-based setup. Fig. 10 The transmittance spectra of one of Ag mirror coated SPR probe. Fig. 11 The SPR wavelength variation with RI for Ag mirror coated SPR probe. 
Conclusions
In summary, fabrication and characterization of a sensitive gold-coated optical fiber reflection-based SPR biosensor have been demonstrated as a replacement of transmittance-based sensor with better sensitivity. The sensitivity for whole blood has been predicted as 2850 nm∕RIU with RI of 1.371. An effort for the enhancement of the sensor sensitivity in reflection-based setup has also been made by using bifurcated fiber bundle and mirror at distal end of the fiber. The undesired misalignment perturbation has been removed in the reflection-based setup. The sensitivity is improved from 857.17 to 1074.34 nm∕RIU by the same fiber for pure water. In the present work, a highly sensitive SPR probe with Ag mirror coated on the fiber tip has been developed with a sensitivity of 3212.19 nm∕RIU in the RI range of 1.33 to 1.37. The simplicity and low cost of the technique can be easily employed to fabricate biochemical sensor based on other optically transparent polymer materials. Hence, the proposed SPR probe can bring benefits to the real-time biomedical application.
